Outer membrane protein E (OMP E) is a 50-kDa protein of Moraxella (Branhamella) catarrhalis. It is a potential vaccine antigen because it is expressed on the surface of the bacterium and has antigenic determinants which are conserved among most strains of M. catarrhalis. To 
conservation of sequences of the OMP E genes of M. catarrhalis from diverse sources, along with earlier observations that the protein contains antigenic determinants on the bacterial surface, indicates that OMP E should be studied further as a potential vaccine antigen.
Moraxella (Branhamella) catarrhalis is a gram-negative diplococcus. It is an important upper-respiratory-tract pathogen, causing otitis media and sinusitis in children (3) . It is also a lower-respiratory-tract pathogen in adults with chronic bronchitis and chronic obstructive pulmonary disease (3) . Outer membrane proteins (OMPs) of M. catarrhalis have been identified (OMP A to OMP H), and their molecular masses range from 98 to 21 kDa. Different strains have similar outer membrane profiles as determined by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) (14) . Little is known about the antigenic structure and function of the OMPs of M. catarrhalis. Studying OMPs will help elucidate antigenic structure, characterize the function of individual OMPs, and lead to an understanding of virulence factors and the immune response to infection.
OMP E is a heat-modifiable OMP with an apparent molecular mass (determined by SDS-PAGE) of 35 kDa at 250C and 50 kDa when heated to 100'C (13) . This heat-modifiable property is typical of several other OMPs (18) . OMP E is expressed on the surface of the bacterium and has antigenic determinants which are conserved among most strains of M. catarrhalis from diverse clinical and geographic origins (15) . Therefore, OMP E is a potential vaccine antigen.
In this paper we describe (i) cloning the gene encoding OMP E, (ii) determining its nucleotide sequence, (iii) mapping the transcription initiation site, and (iv) analyzing restriction frag-OUTER MEMBRANE PROTEIN E OF M. CATARRL4LIS Southern blot hybridization of M. catarrhalis genomic DNA and phage DNA with oligonucleotides. M. catarrhalis genomic DNA and lambda phage DNA were digested with restriction endonucleases and electrophoresed on a 0.6% agarose gel. DNA fragments were transferred to the GeneScreen hybridization transfer membrane (New England Nuclear Corp., Boston, Mass.), according to the manufacturer's instructions. The membranes were prehybridized, hybridized, and washed as described by Richet et al. (20) , with some modifications. Briefly, the membranes were cross-linked in a UV Stratalinker 2400 at 120,000 lxJ/cm2 for approximately 30 s (Stratagene).
The membranes were prehybridized for 4 h in buffer A (1 mM EDTA, 0.5 M NaPO4 [pH 7.2], 7% SDS, 0.25 M NaCl, 2% bovine serum albumin) at 55 to 60'C. Forty picomoles of the oligonucleotide probe was end labeled with 100 tLCi of [_-32p] ATP by using T4 polynucleotide kinase (Pharmacia, LKB Biotechnology, Piscataway, N.J.). Oligonucleotides were synthesized on an Applied Biosystems 380B DNA synthesizer. The 32P-labeled oligonucleotide was added to fresh buffer A, and the membranes were incubated at 550C overnight. The membranes were then washed three times with washing buffer (1 mM EDTA, 0.04 M sodium phosphate, 0.3 M NaCl, 1% SDS). The membranes were exposed to X-Omat AR film (Eastman Kodak Co., Rochester, N.Y.) with an intensifying screen for 24 to 36 h at -70'C and developed with a Kodak X-Omat automatic processor.
Screening the genomic library and analysis of the recombinant clones. An EMBL-3 genomic library of strain ATCC 25240 (16) 
a Nucleotides in parentheses were mixed in equal amounts during synthesis of the oligonucleotide.
Tris-Cl, 0.01% gelatin [pH 7.5] ). The plaques were purified by plating at low density and screening with the same oligonucleotide, until all the plaques were positive.
Lambda DNA of the positive clones was prepared from liquid lysates with the commercially available Qiagen system (Qiagen Inc., Chatsworth, Calif.). The lambda DNA was then digested with Sall and subjected to electrophoresis on a 0.8% agarose gel to determine the presence of inserts.
Maxam-Gilbert base-specific chemical cleavage. Lambda DNA was prepared with the Qiagen Maxi kit. The DNA was cut with Sall (New England Biolabs) and electrophoresed on a 0.8% agarose gel. The gel was stained with ethidium bromide, and the 12-kb insert fragment was excised from the gel and electroeluted with an IBI DNA electroeluter. The purified fragment was extracted with phenol and chloroform, precipitated with ethanol, and suspended in 10 mM Tris-1 mM EDTA (pH 8.0). The 12-kb purified fragment was again digested with NcoI, and a resulting 1.9-kb fragment was excised and eluted as described above. Fifty picomoles of the DNA fragment was dephosphorylated with 1 U of calf intestine alkaline phosphatase (Boehringer Mannheim, Indianapolis, Ind.) at 37°C for 60 min and end labeled with 100 ,uCi of [y-32P]ATP by using T4 polynucleotide kinase. This 1.9-kb fragment was digested with HindIl and electrophoresed on a 6% Tris-borate-EDTA acrylamide gel (Novex, San Diego, Calif.). The gel was stained with ethidium bromide and exposed to X-ray film. Two bands (1.1 and 0.8 kb) were excised, and the DNA was eluted in 0.5 M ammonium acetate-10 mM magnesium acetate-1 mM EDTA-0.1% SDS (crush soak buffer) overnight at 42°C (22) . The eluted DNA was separated from the gel slices by passing through Poly-prep chromatography columns (Bio-Rad, Hercules, Calif.). The labeled DNA fragments were counted in a scintillation counter, and Maxam- Gilbert sequencing was performed (11 15 cycles in the presence of 3 mM MgSO4. PCR was performed in the DNA Thermal Cycler GeneAmp PCR system 9600 (Perkin-Elmer Cetus, Norwalk, Conn.).
Subcloning and sequencing. The 0.8-kb PCR product was subjected to electrophoresis on a 6% Tris-borate-EDTA acrylamide gel. The gel was stained with ethidium bromide, and the 0.8-kb band was excised and treated as described above. The 0.8-kb fragment was subcloned at the EcoRI site into M13 mp18. Replicative-form M13 DNA was purified (22), digested with EcoRI, and subjected to electrophoresis on a 1% agarose gel to confirm the presence of the insert. Single-stranded M13 DNA was used to determine the nucleotide sequence by using the dideoxy-chain termination method of Sanger et al. (23) . Sequencing reactions were performed with a-3S-dATP and Sequenase (United States Biochemicals, Cleveland, Ohio). OMP E-specific oligonucleotides were synthesized and used for sequencing reactions. The rest of the OMP E gene was sequenced from the lambda clone directly with OMP E-specific primers.
On the basis of the nucleotide sequence of the gene encoding OMP E, three sets of primers were synthesized and used to amplify the OMP E gene. Primers A-SC5' and A-SC3' were used to amplify 1.573 kb of the OMP E gene which contained the complete OMP E gene with the promoter region. The second set of primers, B-SC5' and B-SC3', were used to amplify 1.391 kb of the OMP E gene containing the leader peptide and the rest of the OMP E gene. The third set of primers, C-SC5' and B-SC3', were used to amplify 1.313 kb of the OMP E gene from the first amino acid of the mature protein to the end of the carboxy terminus. The 3' primers were complementary to the 3' end of the OMP E gene.
All of the above-described PCR products were subcloned into the pCR-Script SK(+) phagemid (Stratagene) by using standard procedures (22) . Plasmid DNA of the transformed colonies was isolated by the standard alkaline lysis method with the commercially available Qiagen system. The plasmid DNA was digested with SacI and PstI to determine the size of the insert.
Plasmid constructs pRB2 and pRB3 are pBluescript SK+ phagemid containing 1.391-and 1.313-kb fragments of the OMP E gene, respectively. The other strand of the OMP E gene was sequenced from pRB2.
Analysis of the sequence. Sequencing information was analyzed on an Apple Macintosh computer with DNA Strider, version 1.1 (9) . Comparison of the sequence with sequences of other known genes was done with the BLAST algorithm developed by the National Center for Biotechnology Information at the National Library of Medicine (1), and sequence alignments were done with programs of the Genetics Computer Group sequence analysis software package, version 7.1-UNIX (5).
RNA isolation and mapping of the initiation site of the OMP E gene by primer extension. M. catarrhalis ATCC 25240 was grown in Mueller-Hinton broth overnight at 37°C. The cells were harvested and total RNA was extracted by the guanidine thiocyanate method (22) . The RNA was subjected to agarose gel electrophoresis to verify its purity. Primer PE-1 (Table 3) , specific for bp 114 to 137 of the OMP E gene, and primer PE-2 (Table 3) , specific for bp 168 to 191, were 5' end labeled with [,y-32P]ATP by using T4 polynucleotide kinase. For primer extension, 50 ,ug of the total RNA was annealed with 100 fmol of the labeled primers and incubated at 55°C for 45 min. This step was followed by extension with 1 U of avian myeloblastosis virus reverse transcriptase (Promega Corp.) in the presence of deoxyribonucleoside triphosphates for 1 h at 42°C. The primer extension product was analyzed on an 8% urea acrylamide sequencing gel with labeled (X174 standards. Products of dideoxy nucleotide sequencing reactions generating a sequencing ladder and primed with the same primers were also electrophoresed in adjacent lanes to assess the exact base for the initiation of the OMP E transcript.
PCR restriction fragment length polymorphism mapping. Genomic DNA from 19 strains of M. catarrhalis was used as a template for the PCR. The two OMP E-specific primers used were B-SC5' and B-SC3' (excluding the promoter region). The OMP E gene was amplified by using the protocol described above. The PCR product was analyzed on a 0.8% agarose gel. Ten microliters of the amplified product was then digested with different restriction enzymes (HindIII, Sau96I, BslI, and BsgI) and precipitated with ethanol. The digested product was again subjected to 6% acrylamide gel electrophoresis, and bands were visualized by staining with ethidium bromide.
Nucleotide sequence accession number. The GenBank accession number for the OMP E gene of M. catarrhalis is L31788.
RESULTS
Cloning and localization of the OMP E gene in genomic DNA and recombinant clones. The amino-terminal sequence determined for OMP E, eluted from a polyacrylamide gel, was AGLDRSGQDVTAFLQDGTYAE-VI (amino acid 22 was equivocal). On the basis of this sequence a series of 16 different degenerate oligonucleotides was synthesized, as shown in Table 2 . To identify which of these oligonucleotides were best for screening the genomic library, Southern blot assays with M. catarrhalis and E. coli genomic DNA digested with different restriction enzymes were performed (Fig. 1A) . The oligonu- Fig. 2 . An open reading frame of 1,377 bp (460 amino acids), starting with the codon ATG at position 154 and ending with TAA at position 1531, has been identified. A potential ribosome binding site, GGAGA, was located five bases upstream of the ATG translation initiation codon. The sequence GGAGA and the location that is five bases upstream of the ATG codon agree with the preferred spacing of the ribosome binding site in E. coli (24) . Thirty bases downstream of the TAA stop codon was the sequence ATAAAAAATAGCTTGAATlFllCAAGCTAT'TllT TTAT, a palindrome that could form a stem-loop structure which might serve as a potential transcriptional terminator (21) .
The open reading frame defined a protein with a molecular mass of 49,334 Da. The predicted amino acids of OMP E suggested the presence of a signal peptide with a probable cleavage site between amino acids 25 and 26 (Ala-Gln-Ala/Ala; slash indicates cleavage site), which follows the "(-3-1)" rule for signal peptide cleavage (25) . The deduced amino acid sequence of the first 24 amino acids from the putative cleavage site corresponds precisely to the N-terminal protein sequence determined from the purified OMP E. These results indicate that OMP E is synthesized as a precursor possessing a signal peptide composed of 25 amino acid residues. The leader peptide has a hydrophobic segment similar to known E. coli OMPs (19, 20) . The predicted amino acid sequence of OMP E was subjected to a hydrophobicity profile with the algorithms of Kyte and Doolittle (8) and showed a strong hydrophobic portion corresponding to the signal peptide. The predicted antigenic determinants correspond to the hydrophilic region. The amino-terminal alanine residue of the mature OMP E protein has been designated the first amino acid. The predicted Table 3 ). The same primers were also used to generate a dideoxy sequencing ladder with lambda DNA containing the OMP E gene as the template (lanes G, A, T, and C). The primer extension products in lane 1 (A) and lane 2 (B) (arrows) and the product of the sequencing reaction were resolved by electrophoresis. The complementary sequences are shown on the sides; +1 denotes the start of transcription of the OMP E gene. molecular mass of the mature protein is 47,030 Da, which correlates well with the migration of the OMP E in SDS-PAGE.
The overall guanine and cytosine (G+C) content of the coding region of OMP E is 43.4%, which is similar to the reported G+C content of 41% for the M. catarrhalis genome (3). The 5' end of the noncoding region including the promoter region is very AT rich. The A+T content of the noncoding region (1 to 153 bases) is 75.2%. AT rich promoters have been reported for several E. coli genes (17) . Analysis of the amino acid composition of OMP E indicated that alanine, glycine, leucine, and valine are most abundant (range, 13 to 8%) and that no cysteine residues are present. Analysis of the codon usage of the OMP E coding region indicated a strong preference for T in the third position.
Mapping of the transcriptional initiation site of the OMP E gene by primer extension. To determine the transcriptional start site of the OMP E gene, primer extension analysis was performed with two different primers (PE1 and PE2) hybridizing to the 5' region of the OMP E mRNA. This analysis indicated that the transcript starts with a guanine residue at position 75, which is 78 bases upstream of the ATG codon (Fig.  3) . The potential -10 TAAGAT sequence, or the Pribnow box (nucleotide positions 63 to 68), was located six bases upstream of the + 1 start site of transcription. The -35 (positions 40 to 45) TTGTTT sequence was located 17 bases upstream of the -10 sequence (Fig. 2) . These hexameric sequences have similarity to the consensus sequences of -10 TATAAT and -35 TTGACA of promoters recognized by E. coli RNA polymerase. The spacing between the two promoters is also consistent with that for the E. coli promoters. Two regions of hyphenated dyad symmetry were identified downstream of the -35 region: 5'-TTAATYFCA'1'1TTAA-3' and 5'-TACAAATGTGTAAGACThITGTA-3'. These regions may play a role in the regulation of expression of the OMP E gene.
Homology of OMP E with other known proteins. The deduced amino acid sequence of OMP E was compared with the sequences of other known proteins in the GenBank database by using the BLAST algorithms (blastp, blastx, and tblastn). This comparison indicated borderline homology between OMP E and OMP FadL of E. coli. BESTFIT and GAP analyses of OMP E and FadL revealed 49.1% similarity and 25.6% identity over 489 amino acid residues (Fig. 4) .
Analysis of PCR restriction fragment length polymorphisms. To determine the degree of conservation of the OMP E gene among strains of M. catarrhalis from diverse geographic and clinical sources, restriction fragment length polymorphisms of the PCR products of the OMP E gene from 19 different strains were analyzed. The OMP E gene was present in all strains tested and was the same size (1.4 kb) in all the strains. The PCR product, when digested with HindIll, Sau96I, BslI, and BsgI, showed no variation among the different strains tested with regard to the presence of restriction sites (Fig. 5) . For each enzyme, the banding patterns were similar in all the strains (Fig. 5) . These experiments indicate that the OMP E gene is highly conserved among strains of M. catarrhalis. (19) . The -10 and -35 regions were identified by comparison with the preferred spacing and consensus sequences for RNA polymerase and sigma 70 (21) . The high A+T content of the OMP E promoter may be important for the efficient transcription of the gene, because the presence of the AT base pair is thought to facilitate unwinding of the duplex DNA helical structure, which results in efficient initiation of mRNA transcription (4) . The region of hyphenated dyad symmetry found in the OMP E gene located downstream of the -35 region may be involved in regulation of the OMP E gene. Such sequences are involved in the regulation of OMP genes in E. coli. For example, regions of hyphenated dyad symmetry are found in fadL downstream of the -10 region. These have similarity to the dyads defined in the fadBA gene (encoding the fatty acid-oxidation multienzyme complex) which represent potential binding sites for the FadR repressor (2) . Similarly, at 5' ends of the noncoding regions of E. coli porin genes, ompC and ompF are inverted repeats which may be involved as the recognition sites for the OmpR gene product (12) .
We calculated (from the published sequence) the G+C contents of the known M. catarrhalis OMP CD gene (45.5%) and OMP B gene (43.8%), which are similar to the G+C content of the OMP E gene (43.4%) and the reported G+C content of the M. catarrhalis genome. Codon usage of OMP E shows that T is preferred over C. According to Grosjean and Fiers, the preferential use of T in the third position, rather than C, is a characteristic of highly expressed genes in E. coli (6) .
A homology search revealed some similarity between OMP E and FadL of E. coli. FadL, like OMP E, is a heat-modifiable OMP (2) . FadL acts as a receptor for the bacteriophage T2. The carboxy terminus of FadL is required for specific binding and transport of exogenous long-chain fatty acids with high affinity and facilitates their transfer across the outer membrane (7) . Sequence similarity between OMP E and FadL suggests a similarity in function. The regions of closest homology between OMP E and FadL are from amino acids 270 to 280 of OMP E and 251 to 261 of FadL; there is 72% identity in this region. It is known that the binding and transport activity is located in the 3' end of the fadL gene, but it is not yet known exactly where the functional activity for the phage receptor is located. It is not yet clear whether the homology of these two proteins indicates functional or structural similarity. Until studies of the function of OMP E are performed we cannot draw definite conclusions regarding the significance of the homology between OMP E and FadL.
OMP E is present in all strains of M. catarrhalis tested. Previous studies have shown that OMP E has determinants that are exposed on the surface of the intact bacterium and that these determinants are antigenically conserved among most strains of M. catarrhalis. These findings were demonstrated by adsorption experiments. Two polyclonal antisera made against whole-cell lysates of two different strains of M. catarrhalis were adsorbed individually with cells of 20 different strains. The immunoblot assay with adsorbed and unadsorbed antisera showed that OMP E expressed surface-exposed determinants on 17 of 20 strains used in the study (15 
